Context: Several neurobiological models of obsessive-compulsive disorder (OCD) posit a primary role for dysfunction of the anterior cingulate gyrus. Both functional and structural neuroimaging studies have implicated anterior cingulate grey matter abnormalities in the pathophysiology of OCD, but there has been little investigation of the anterior cingulate white matter in this disorder.
Summary
Context: Several neurobiological models of obsessive-compulsive disorder (OCD) posit a primary role for dysfunction of the anterior cingulate gyrus. Both functional and structural neuroimaging studies have implicated anterior cingulate grey matter abnormalities in the pathophysiology of OCD, but there has been little investigation of the anterior cingulate white matter in this disorder.
Objective: To test the hypothesis that OCD patients have abnormal white matter microstructure in the anterior cingulate gyrus compared to healthy volunteers as inferred from diffusion tensor imaging. Additional analyses examined group differences in white matter integrity across the entire brain. 
Introduction
Obsessive-compulsive disorder (OCD) has a prevalence rate of 2-3% and is often chronically disabling with concomitant impairments in interpersonal and occupational functioning (1) . Studies investigating the pathophysiology of OCD are therefore of considerable importance as they may ultimately inform treatment strategies. Several models of OCD neurobiology suggest that the basal ganglia, and by extension striatalthalamic and thalamo-cortical circuits play a role in the disorder, but differ in which regions are of primary importance (2) (3) (4) (5) . Magnetic resonance (MR) imaging and functional neuroimaging studies have supported the hypothesis that patients with OCD have abnormalities in striatal (6) (7) (8) and thalamic (9; 10) brain regions, although some studies report negative findings (11) . Important questions remain, however, regarding the potential role of structural and functional abnormalities in other brain regions hypothesized to play a key role in the neurobiology of OCD.
The anterior cingulate gyrus may have particular relevance for the neurobiology of OCD. Functional neuroimaging studies report hypermetabolism in the cingulate gyrus during symptom provocation (6, 12; 13) and while at rest (14) , which decreases following pharmacotherapy with a serotonin reuptake inhibitor (SRI) (15) . In addition, a defect in anterior cingulate metabolic activity has been linked with abnormal neuropsychological functioning in OCD (16; 17) . Cingulate hyperactivity could play a role in abnormal conflict detection as part of an overactive action monitoring system in OCD (18) and conceivably activate an anterior cingulate basal ganglia-thalamocortical circuit without concomitant sensory input or motivation to perform a behavior, thus causing it to be completed compulsively (2) .
Consistent with studies implicating anterior cingulate metabolic hyperactivity in OCD are the results from two independent structural neuroimaging studies reporting more anterior cingulate grey matter in patients with OCD compared to healthy volunteers (8; 19) .
More anterior cingulate grey matter in patients could represent the neuroanatomic substrate for the increased metabolic activity observed in functional neuroimaging studies. In contrast to studies examining the anterior cingulate grey matter in OCD, there has been little investigation of the anterior cingulate white matter. Because the anterior cingulate white matter forms the physical foundation for connectivity to other cortical (20) and subcortical (21) brain regions implicated in the pathophysiology of OCD it has strong relevance to neurobiological models of the disorder. It is therefore plausible that an abnormality involving the anterior cingulate white matter could also play a role in the neurobiology of OCD.
Diffusion tensor imaging (DTI) represents an in-vivo magnetic resonance imaging
technique that can be used to examine white matter microstructure in humans. This technique permits the quantification of the directionality and coherence of water selfdiffusion. Tissues with highly regular fibers have high anisotropy whereas those with less regular fibers, such as grey matter, have low anisotropy. Measures of water self-diffusion appear to have implications for understanding the anatomical organization of white matter and represent an important tool for in-vivo mapping of anatomical connectivity in humans (22; 23) . DTI has been used to examine white matter microstructure in neuropsychiatric disorders such as schizophrenia (24) (25) (26) (27) (28) (29) , but to our knowledge has not been used to examine potential white matter abnormalities in OCD.
In this study we investigated potential white matter abnormalities in patients with OCD compared to healthy volunteers as inferred from DTI. We hypothesized that patients with OCD would have abnormal anterior cingulate white matter microstructure compared to healthy volunteers whereas secondary analyses investigated FA in the white matter across the entire brain.
Subjects and Methods

Subjects
Fifteen adult outpatients with a DSM-IV diagnosis of OCD and 15 healthy volunteers matched for age, sex and handedness participated in this study (see Table 1 for sample characteristics). Patients were recruited through the OCD Clinic at the Zucker Hillside Hospital in Glen Oaks, NY. There is no overlap between this sample and the sample in our previous studies (30; 31) . All patients were interviewed by a licensed clinical psychologist (PRS) and diagnosed using the Structured Clinical Interview for Axis I DSM-IV Disorders (32) . Final diagnoses were established using all available clinical material during a consensus conference involving 2 board-certified adult psychiatrists and a psychologist. 
Clinical Assessments
All subjects were administered the Yale-Brown Obsessive Compulsive Scale (YBOCS; 34), the seventeen item Hamilton Depression Rating Scale (HDRS; 35) and the Hamilton Anxiety Rating Scale (HARS; 36).
Handedness
Classification of handedness was based on a modified version of the Edinburgh
Inventory consisting of twenty items (37) . Total number of right and left hand items were scored, and the laterality quotient was computed according to the following formula: (Total R -Total L)/(Total R + Total L). This yielded a total laterality quotient for each subject that ranged from +1.00 (totally dextral) to -1.00 (totally nondextral). Subjects with a laterality quotient greater than .70 were classified as dextral, and the rest as nondextral (38) .
Magnetic Resonance (MR) Imaging Procedures
MR imaging exams were conducted at the Long Island Jewish Medical Center on a General Electric 1.5 Tesla whole body superconducting system. All scans were reviewed by a neuroradiologist and a member of the research team. Any scan with significant artifacts was repeated. We minimized movement by stabilizing the head with cushions and tape prior to scanning. A total of 26 DTI volumes were obtained for each subject that 
Image Processing
FA maps were computed for each subject and transformed into Talairach standard space (39) using three image registration steps. First, non-brain regions were automatically removed from the SPGR volumes using the Brain Extraction Tool (BET) of the FSL software package (40). In some cases, the BET results were improved manually using the MEDx software package (41) . Using the cropped SPGR volumes, the total intracranial volume for each subject was computed. The subject with the median intracranial volume was transformed into Talairach space using the AFNI software package (42) Second, for each subject, the cropped SPGR volume was registered to their fast spin echo T2/PD volumes (47) . This yielded a resliced SPGR volume with the same orientation and voxel size as the T2/PD volumes. The resliced SPGR volume of each subject was used as a mask to delete non-brain regions from the T2/PD volumes of the same subject. The resulting image sets (i.e., cropped T2/PD and cropped and resliced SPGR) were used as three channels in the FSL-FAST software package to create a white matter mask for each subject following segmentation of the brain into white matter, gray matter, and CSF (see Figure 1) . Individuals' white matter masks were also transformed to
Talairach space. The transformed white matter masks were averaged and thresholded at 40% to obtain a white matter mask for the group.
Third, to correct for the spatial distortion of the DTI EPI data, the b=0 DTI volume was registered to the cropped T2 volume using an in-house non-linear registration program (Ardekani et al submitted). Figure 2 shows a slice from the original and distortion corrected b=0 DTI image.
An FA map was computed from the DTI volumes for each subject following derivation of the eigenvalues of the diffusion tensor matrix for each voxel using methods described by Basser and Pierpaoli (48) and Basser (49) . The FA map of each subject was An operator manually traced the anterior cingulate gyrus region-of-interest on the target SPGR volume using methods described previously (8; 50; 51) . Briefly, the boundaries of the anterior cingulate gyrus were (anterior, posterior, ventral, dorsal): tip of the cingulate sulcus, connection of the superior and precentral sulci, callosal sulcus and cingulate sulcus. Voxels within the anterior cingulate were classified as either white matter or grey matter using the information from the segmented white matter maps of all subjects, which had been transformed to Talairach space. This permitted the analysis of FA differences between groups to be confined to white matter voxels within the anterior cingulate gyrus region-of-interest.
Statistical Analyses
Group differences in demographic variables were examined using independent groups t tests. Chi-square tests were used to examine differences in joint classifications of discrete variables. Two-sample t-tests were performed at each voxel on the FA values within the white matter anterior cingulate region-of-interest between patients and controls.
Voxels that had a t-statistic greater than 3.05 (p < .005; two-tailed) and were part of a spatially contiguous cluster size of 20 voxels or greater in the anterior cingulate white matter were considered to have significantly different FA in patients compared to healthy volunteers. This combination of alpha level and filter cluster has been used by other investigators (52; 53) to maintain a balance between Type-I and Type-II error rate given possible inflation of Type-I error due to multiple comparisons, but also acknowledging that tests at nearby voxels have strong interdependencies Additional analyses examined group differences in white matter integrity across the entire brain using the same alpha level and spatial extent threshold. Pearson Product moment correlations were used to examine the relationship between FA and clinical measures.
Results
OCD patients and healthy comparison subjects did not differ significantly in distributions of age, sex, handedness, race or education (see Table 1 ). An illustration of the inter-subject registrations of the FA maps for patients and healthy comparison subjects is provided in Table 2 .
Examination of the rest of the brain white matter revealed several additional areas of decreased FA in patients that included the right posterior cingulate gyrus, bilateral supramarginal gyri within the parietal lobes and the left lingual gyrus within the occipital lobe. The corresponding Talairach coordinates for these regions are provided in Table 2 .
No areas of significantly higher FA were observed in any part of the brain white matter in patients compared to healthy volunteers.
We also examined the clinical correlates of lower FA within the patient group. To Few studies have examined the brain white matter in OCD despite its relevance to models of abnormal brain circuitry that posit a defect in connectivity. Several studies reported white matter structural abnormalities in OCD as assessed via MR imaging volumetry. Rosenberg et al (54) found that all of the corpus callosum regions they measured (except the isthmus) were significantly larger in OCD patients than in controls. In a subsequent report (55) these authors presented evidence that developmental abnormalities in genu size among OCD patients may arise from abnormalities in myelination. They interpreted their findings of increased genu myelination in patients as altering signal transduction and the function of ventral prefrontal-striatal association circuits.
In another study Jenike et al (56) reported that compared to normal controls, patients with OCD had significantly less total white matter across the brain. That report extended prior findings of decreased posterior white matter in a separate sample of patients by Breiter and colleagues (57) . Findings of white matter abnormalities in OCD may represent evidence of impaired connectivity and contribute to the pathogenesis of the disorder. In a previous study (8) there were no group differences in anterior cingulate white matter volume between psychotropic drug-naïve patients with OCD and healthy comparison subjects. Those findings, in combination with the present results, suggest that DTI may be more sensitive to detecting white matter pathology than MR imaging volumetry. One caveat, however, is that anterior cingulate microstructural alterations were not widespread in the present study, and thus, it is possible that localized abnormalities in anterior cingulate white matter volume may have gone undetected in OCD patients previously (8) .
Our findings are consistent with prior studies demonstrating the involvement of the anterior cingulate in several functions relevant to the phenomenology of OCD. For example, the anterior cingulate plays a role in monitoring and resolving conflict during information processing (58) , and such functions may be disrupted in OCD in the context of an overactive action monitoring system (18; 59). Moreover, the anterior cingulate has been linked with contextual fear conditioning (60) and reward expectancy (61), both of which are highly relevant to behavioral theories regarding negative reinforcement in OCD. Also, neuropsychological deficits observed on tasks of response inhibition and self-guided spontaneous behavior may also be relevant to OCD and have been linked with dysfunction of the anterior cingulate prefrontal circuit (62).
Interestingly, anterior cingulate white matter abnormalities observed in the present study were in close proximity to the site where cingulotomies are performed for the treatment of severe, treatment refractory OCD. For example, Rauch and colleagues (63) reported that the centroid of the anterior cingulate lesions in their study were located at the following Talairach coordinates: x = +/-9, y = +18, z = +30. The centroid of this lesion is 7.5mm and 5.7mm, respectively from the maximum t-values of the first two anterior cingulate white matter regions described in Table 2 There are several limitations to this study that preclude firm conclusions. It could not be determined whether the white matter abnormalities observed in these regions reflected the primary pathophysiology of the disorder or were a consequence of abnormalities in other brain regions. In addition, a possible limitation of voxelwise analysis is the problem of multiple comparisons and the increased risk of a Type-I error. To limit this possibility, however, we investigated FA only in the brain white matter and restricted the primary analysis to the anterior cingulate, which has been demonstrated to be structurally and functionally abnormal in previous neuroimaging studies. It is therefore noteworthy that we did not observe any areas of increased FA in patients even when we examined the white matter across the entire brain, thus strengthening the specificity of the observed findings.
In summary, our findings provide evidence for white matter abnormalities in the pathogenesis of OCD at the microstructural level. Future studies should examine the pattern of connectivity between the anterior cingulate and other brain regions implicated in OCD. 
